the volumetric composition in the reactant mixture was 20% propylene, 40% p-H 2 and 40% ortho-H 2 .
Supported Catalyst and Reactor. The immobilized catalyst [Wilkinson's catalyst supported on modified silica gel, RhCl(PPh 3 ) 2 PPh 2 (CH 2 ) 2 -SiO 2 ] was prepared by adding an approximately stoichiometric amount of 2-diphenylphosphinoethyl-functionalized silica gel to a toluene solution of Wilkinson's catalyst, according to the procedure described in previous work (S1). About 0.1 g of the catalyst was packed inside a section of 1/8" nylon tubing, surrounded by two layers of 200 µm diameter glass beads. The packing was done using a small metal wire and is expected to be non-uniform. The reactor was held at approximately 145 • C by using the variable temperature controller to preheat the gas flowing through a heat exchange coil. The hot gas then flowed directly into the catalyst bed. The heat exchanger for the microreactor was made by coiling 0.08" OD Cu tubing and melting 1/8" OD nylon tubing to the ends. Activation of the catalyst requires 12 hours at 145 • C under 15 psig of the gas mixture, resulting in conversion of the propylene.
Imaging Pulse Sequence. The imaging pulse sequence is shown in Fig. S1 . Typical excitation pulses (π/4) were 25 µs in duration. Typical scan times with a spatial encoding matrix size of 25×19 were on the order of a minute. This scan time can be reduced by selectively exciting a resonance of interest followed by rapid imaging sequences. We used the pure phase encoding protocol to enable 2D chemical-shift selective imaging with good spatial resolution. Position and velocity encoding were performed using pulsed field gradients (pfg) consisting of three pulses with equal widths and a total encoding time of 800 µs.
In general, the spatial resolution is improved by the use of short phase-encoding gradient pulses combined with careful adjustments of pulse amplitudes to eliminate artifacts arising from the velocity and acceleration of the gas molecules (see below). The velocity encoding pfg was similar to the position encoding pfg except the relative intensities of the three pulses were chosen to be sensitive to velocity only and not position or acceleration.
Isotropic mixing was performed using the "decoupling in the presence of scalar interactions" (DIPSI-3) sequence (S3) . The choice of DIPSI-3 was arbitrary, and is one of many examples of sequences preserving the singlet state (S4) by creating a relaxation-free environment.
This phenomenon was first explained by Bowers and Weitekamp (S5, S6) and subsequently exploited by others (S4).
The spin echo readout serves several purposes. First, it refocuses the evolution due to magnetic susceptibility gradients, thereby mitigating the attenuation of signal at the first point of the FID. Second, a nonzero echo time (TE) removes the broad proton resonances from the ortho-hydrogen and solid components. Third, it allows a certain amount of evolution under the J coupling, with the end result of converting some of the anti-phase magnetization into in-phase magnetization. The in-phase character makes it easier to integrate the peaks which are anti-phase when PHIP is performed at high magnetic fields (S5, S6) . Ultimately, TE cannot be too long since T 2 relaxation will eventually dominate. These qualitative arguments led us to pick the following TE values: 16.7 ms for the data of (|αβ − |β α ), where |α and |β represent the eigenstates of the spin angular momentum operator parallel to the direction of the magnetic field. It is described by a density operator, ρ = |ψ ψ| = 1/4 − I · S, where I and S are spin angular momentum vector operators, I · S = I x S x + I y S y + I z S z and 1/4 represents the maximally mixed state (1/4 times the unit operator 1). In contrast, the thermal equilibrium state is ρ = 1/4 + ε(I z + S z ), where ε is a very small number (10 −4 to 10 −5 ) for typical fields and temperatures. Although the spins of the singlet state are highly ordered, no NMR signal is observable because the total nuclear spin angular momentum is zero. An equivalent explanation is to say that ρ commutes with the Hamiltonian. If the protons participate in pairwise hydrogenation in which they become magnetically inequivalent, observable magnetization can be produced with a signal enhancement factor on the order of 1/ε (typically 10 4 ).
Immediately after the reaction, the p-H 2 derived protons are in the singlet state, ρ = 1/4 − I · S. If the reaction proceeds at random times, the distribution of these random initial states leads to an incoherent averaging I x S x + I y S y =0 of this part of the density operator, leaving us with ρ = 1/4 − I z S z . The fact that the initial state of the parahydrogen-induced polarization (PHIP) is a singlet has important consequences. If an isotropic mixing sequence, such as DIPSI (discussed above), is applied during the course of the reaction, the effective Hamiltonian is of the form of a scalar coupling, H = JI · S. Most importantly, the part I z − S z of the Hamiltonian, due to the chemical inequivalence of the spins, which would otherwise lead to a dephasing of the I · S state is strongly suppressed. In other words, the singlet state no longer averages to ρ = 1/4 − I z S z . The end result of this procedure is analogous to removing some relaxation pathways resulting in a longer lifetime of the singlet state (S4). This allows one to create a relatively long lived, coherent packet of polarized product molecules.
Pulsed Field Gradients. As noted above, both the position and velocity encoding pulsed field gradients (pfg) were composed of three rectangular pulses. The relative amplitudes of these pulses can be chosen to compensate for artifacts arising from the gas flowing during the encoding time. Under conditions where a group of spins located at position r(t) are moving in a time-dependent gradient, G(t), the phase of the NMR signal at time T is given by
where the position vector can be expressed using the second-order Taylor formula,
Inserting this expression into Eq. 1 gives the decomposition
where φ pos is the phase accrued over the time interval [0, T ] due to the initial position and φ vel is that due to initial velocity.
In terms of the n-th moment, M n = G(t)t n dt, the phase-encoding gradient is made insensitive to velocity and acceleration by setting M 1 =M 2 =0. On the other hand, velocity encoding is achieved by a gradient which has the property M 0 =M 2 =0. Higher order moments, n > 2, are safely ignored under the conditions of steady flow used in this experiment. Our pfg employed 10 µs rise times and 246.3 µs pulses for a total encoding duration of 800 µs. If the amplitudes (in mT · m −1 ) of the three pulses are labeled g 1 , g 2 , g 3 for the initial, second and third pulses, respectively, then the method outlined above gives g 2 = −(7/11) g 1 and g 3 = (2/11) g 1 for compensated position encoding. Similarly, the compensated velocity encoding pfg requires g 2 = −(3/2) g 1 and g 3 = (1/2) g 1 . The resulting proportionality between phase and position or velocity is φ pos = 5.7 mT Enhancement Factor. The large difference between PHIP and thermal polarization is seen by comparing the image signal to noise ratio (SNR) of Fig. 2b (polarized propane) to that of Fig. 2a (thermal propylene) . The image SNR for the PHIP image is greater than that of the thermal image by a factor of at least 300. A similar difference in SNR is observed in the 1 H spectrum (Fig. S2a) , where the PHIP peak SNR is more than 300 times the SNR of any thermal peak. The spectrum in Fig. S2a is from the entire microreactor.
We may also compare the SNR of propylene in the region just upstream from the catalyst bed (in the glass beads) with that of the polarized propane in the catalyst bed. This is possible with our chemical shift imaging experiment, which allows integration of a spectrum from any region in the image. Figure S2 compares the complete spectrum (Fig. S2a , no imaging gradients) and the reconstructed spectra from the catalyst bed (Fig. S2c ) and the region just before the catalyst bed ( The propylene resonances are found at 1.7, 4.9, 5.7 ppm while the propane resonances are at 0.9 and 1.3 ppm (Fig. S2a) with a J-splitting of 7.4 Hz. In these experiments, the proton linewidth without imaging gradients (Fig. S2a) Figure S1 . Flow-encoded MRI pulse sequence for heterogeneous reaction imaging and controlled delivery of spin polarization. Figure S2 . 1 H spectra in the microreactor. A 1 H spectrum of the microreactor with imaging gradients turned off. B and C 1 H spectra reconstructed from a chemical shift imaging experiment.
Spectrum B is the average signal reconstructed from the region upstream of the catalyst bed and has been scaled by a factor of 40. Spectrum C is the average signal reconstructed from the catalyst bed.
